source rocks of this material (0.25 and 0.12, respectively). The recycling rate inferred from the F(t) constraint is too small to explain the discrepancy between the observed and inferred Sm/Nd ratios in each reservoir. Therefore, Nd isotopic evolution of the upper mantle is controlled not only by recycling of continental crust but also by exchange of material with a different reservoir (21) with a low 147 Sm/ 144 Nd ratio, which could be material segregated from subducted lithospheric plates (22) or a deep layer left behind by early terrestrial differentiation (23) .
These constraints from the 40 Ar budget of the observable reservoirs depend on the very incompatible behavior of K and Ar and therefore are robust. Only if Ar were substantially more compatible than K would the conclusions be clearly inadequate. The solubility of Ar in olivine melt actually may decrease dramatically beyond 4 to 5 GPa (24) . Partial melting possibly extended at 150 to 200 km in the past because the mantle was hotter, especially under the MORs. So far, however, the compatible behavior of 40 Ar during melting remains to be demonstrated and the constraints on the rate of continental growth and mantle degassing given by the 40 Ar and K budget remain. Measurements of sea surface temperature (SST) can be made by satellite microwave radiometry in all weather conditions except rain. Microwaves penetrate clouds with little attenuation, giving an uninterrupted view of the ocean surface. This is a distinct advantage over infrared measurements of SST, which are obstructed by clouds. Comparisons with ocean buoys show a root mean square difference of about 0.6°C, which is partly due to the satellite-buoy spatial-temporal sampling mismatch and the difference between the ocean skin temperature and bulk temperature. Microwave SST retrievals provide insights in a number of areas, including tropical instability waves, marine boundary layer dynamics, and the prediction of hurricane intensity.
The surface temperature of the world's oceans plays a fundamental role in the exchange of energy, momentum, and moisture between the ocean and the atmosphere. It is a central determinant of air-sea interactions and climate variability. The recurring El Niño-La Niña cycle, which has a profound effect on the world's weather and climate, is a dramatic manifestation of the coupling of SST to atmospheric circulation (1, 2) . The surface temperature field also influences the development and evolution of tropical storms and hurricanes (3, 4) and is correlated with nutrient concentration and primary productivity (5) . Satellite measurements of SST began in the 1970s, using infrared radiometers flying aboard the National Oceanic and Atmospheric Administration's geostationary and polar orbiting platforms (6) . Satellite infrared SST measurements have resulted in major advancements in oceanography, meteorology, and climatology (2, (7) (8) (9) (10) . However, the infrared SST retrievals have two significant limitations: (i) Retrievals cannot be done when clouds (which cover roughly half the Earth) are present. (ii) Atmospheric aerosols from volcanoes and large fires can cause a spurious cooling in the SST retrieval (11, 12) . The aerosol problem has been particularly troublesome when trying to construct multiyear time series to infer climate change (11) . Furthermore, the cloud detection algorithms are not totally reliable, with some clouds going undetected.
It has long been recognized that microwave radiometry offers a solution to the cloud and aerosol problem. At frequencies below about 12 GHz, the surface radiance is proportional to SST and microwaves penetrate clouds with little attenuation, giving a clear view of the sea surface under all weather conditions except rain. Furthermore, at these frequencies, atmospheric aerosols have no effect, making it possible to produce a very reliable SST time series for climate studies. The first satellite microwave radiometers operating at these low frequencies were flown on SeaSat and Nimbus- feasibility of measuring SST with microwaves (13, 14) and led to some notable scientific results (15) . However, the usefulness of these early radiometers was significantly limited by a poor calibration system. Subsequent microwave radiometers launched in the 1980s and 1990s, such as the Special Sensor Microwave Imager (SSM/I), used improved calibration systems but lacked the low-frequency channels needed to retrieve SST. In November 1997, the Tropical Rainfall Measuring Mission (TRMM) spacecraft was launched (16) . The TRMM microwave imager (TMI) has a full suite of channels ranging from 10.7 to 85 GHz and represents the first satellite sensor that is capable of accurately measuring SST through clouds.
Retrieval of SST from the microwave radiances requires that the influence of atmospheric attenuation and sea surface roughness be removed from the observations. A physically based retrieval algorithm is used to remove these effects (17) . When rain is not present, the attenuation is very small at 10.7 GHz, with 97% of the sea surface radiation reaching the top of the atmosphere. Using the higher frequency channels (19 to 37 GHz), the algorithm precisely estimates the 3% attenuation due to oxygen, water vapor, and clouds. The polarization ratio (horizontal versus vertical) of the measurements is used to estimate sea surface roughness. The spatial resolution of the SST retrieval is limited by the ratio of the radiation wavelength to the antenna diameter and by the satellite altitude. For TMI, the spatial resolution is about 50 km. This relatively coarse resolution is the major limitation of microwave SST retrievals as compared to infrared retrievals, which have higher resolutions of 1 to 10 km.
Raindrops, which have a much larger diameter than cloud droplets, can significantly attenuate and scatter microwave radiation. As a result, SST retrievals are not reliable when rain is present. The 37-GHz channels are very sensitive to rain and are used to determine when rain is in the radiometer's field of view. When rain is detected, the SST retrieval is discarded.
The SST retrievals were validated by direct comparison with ocean buoys (18, 19) for the period from December 1997 to June 1999. The root mean square (rms) difference between the daily averaged buoy and satellite SSTs ranged from 0.5°to 0.7°C (Table 1) . The satellite-buoy difference is due to a number of effects, including errors in the satellite retrievals, the spatial-temporal mismatch between the buoy point observation and the satellite's 50-km footprint, and the difference between the ocean skin temperature and the bulk temperature measured by the buoys at 1 to 1.5 m depth (20) . The instrument noise in the satellite retrievals, which can be reduced through more spatial-temporal averaging, contributes about 0.3°C (in a root-sum-squared sense) to the overall observed difference.
An example of the SST field derived from TMI is shown in Fig. 1 . The field of view is limited to 40°S and 40°N, because a low inclination orbit was chosen for continuous monitoring of the tropics. Except for a few small areas of persistent rain, TMI provides complete coverage in three days. The most striking feature in the figure is the tropical instability waves (TIWs) in the equatorial eastern Pacific both north and south of the equatorial cold tongue (7) . TIWs are westward-propagating waves that are most likely generated by instabilities in the equatorial ocean current/countercurrent system (21) . For these ocean waves to be visible in SST imagery, there must be an appreciable meridional SST gradient, which was unusually strong due to the 1998 La Niña. TMI is providing an unprecedented view of the evolution of TIWs in both the Pacific and Atlantic Oceans (22) . Also apparent in the figure are cold wakes from two active tropical cyclones. The strong winds drive oceanic turbulent mixing and upwelling, resulting in a cold track just to the right of the cyclone path. Intense upwelling, driven by a low-level atmospheric monsoonal jet, is also visible along the coast of Arabia and Somalia.
Microwave observations are an ideal way to observe the interaction between SST and wind because both variables can be simultaneously retrieved. Previous analyses of the TIWs and the cold tongue have shown a close coupling between SST and wind and have suggested that the coupling is due to marine boundary layer (MBL) dynamics rather than to pressure gradients (23) (24) (25) . Over warm water, the MBL is unstable, air turbulence enhances the exchange of momentum from winds aloft to the surface, and higher surface winds result. For cold water, the boundary is stable, the vertical exchange of momentum is less, and the surface winds are lower. TMI SST and wind fields (Fig. 2) reveal how highly correlated SST-wind couplings are on a much finer temporal-spatial scale (measured weekly at a resolution of 50 km) than previously reported. The linear correlation between the weekly SST and the surface wind at a resolution of 50 km is 0.78, and the observed relation between SST and wind is consistent with a relatively simple boundary layer model (Fig. 3 ) (26) . Cold wakes from storms and hurricanes have been studied in the past by means of infrared SST observations (10, 27, 28) , but the analysis has been encumbered by the extensive cloud cover associated with these storms. Figure 4 compares the TMI SST field with infrared SST imagery (29) of Hurricane Bonnie on 24 to 26 August 1998. The microwave imagery provides nearly complete coverage, whereas much of the infrared imagery is blocked by clouds. Figure 4 also illustrates another possible problem for the infrared retrievals. The Gulf Stream east of Cape Hatteras, which is clearly resolved in the microwave imagery, is barely visible in the infrared imagery. We attribute this to undetected clouds obscuring the ocean surface.
Storm track prediction has steadily improved along with better numerical models and observations, but the prediction of storm intensity falls short of expectations (4) . Several studies (4, 30) have shown that after initial development, the intensity of severe storms is strongly influenced by the thermodynamic structure of the upper ocean, and an accurate prediction of the storm's future intensity requires measurements of the ocean's thermal structure ahead of the storm. Extensive cloud cover around storms often prevents infrared satellite SST measurements. Microwave SST retrievals clearly have the potential to improve these important forecasts, as was shown in the 1998 hurricane season. In late August, Hurricane Danielle closely followed Hurricane Bonnie. Danielle's intensity dropped significantly as it passed over a region of cold water caused by Bonnie (Fig. 4A) . Because of the cloud problem in infrared SST retrievals, the National Hurricane Center (NHC) uses a lowresolution SST field (measured weekly at a resolution of 100 km) (8) from the previous week (Fig. 4C) in their intensity models (31) .
For the Danielle prediction, this weekly SST product was missing Bonnie's cold wake, which may explain why most official forecasts overestimated Danielle's intensity by 30 to 40 knots (32) .
TMI is the first in a series of satellite microwave radiometers that will measure SST under nearly all weather conditions. In the next 2 years, two Advanced Microwave Scanning Radiometers (AMSR) will be launched on U.S. and Japanese spacecraft. The AMSR will have an additional 6.9-GHz channel that will enhance SST retrieval. Later in the decade, the Conical Microwave Imager Sounder (CMIS) will be a primary sensor flying on the National Polar Orbiting Environmental Satellite System. CMIS, with its full complement of polarimetric channels, will be able to measure the global SST field to an accuracy of about 0.2°C at a spatial-temporal resolution of 50 km and 3 days.
Cooperation Through Image
Scoring in Humans Claus Wedekind 1,2 * † and Manfred Milinski 1 ‡
The "tragedy of the commons," that is, the selfish exploitation of resources in the public domain, is a reason for many of our everyday social conflicts. However, humans are often more helpful to others than evolutionary theory would predict, unless indirect reciprocity takes place and is based on image scoring (which reflects the way an individual is viewed by a group), as recently shown by game theorists. We tested this idea under conditions that control for confounding factors. Donations were more frequent to receivers who had been generous to others in earlier interactions. This shows that image scoring promotes cooperative behavior in situations where direct reciprocity is unlikely.
Cooperative behavior in social dilemma situations (1) can sometimes be understood as reciprocal altruism (2) . However, humans often help others even if the altruistic act is not likely to be returned by the recipient (3).
Recent computer simulations and analytical models (4 -6) have shown that this can be beneficial in the long run and can be an evolutionarily stable strategy. The idea is that helping someone, or refusing to do so, has an
